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PROPERTIES AND UTILIZATION OF SMALL PARTICULATES 
IN CATTLE MANURE 
1 
Kenneth J. Jacobson, Raymond C. Eliason, and Andrew H.-c. Chan 
Department of Chemical Engineering 
University of Nebraska-Lincoln 
Lincoln, Nebraska 68508 
This paper covers work that will be conducted during 
the summer of 1973 under the support of the NSF Student-
Originated Studies program. This program is designed to 
encourage research into environmental matters by inter-
disciplinary temns, and the group set up at the University 
of Nebraska has ~even participants from five different 
schools and four different disciplines. 
The object of this study is to find new uses for cattle 
manure, two billion tons of which are excreted annually in 
the United Statesl. This material is generally considered 
waste, and the problem associated with it one of disposal. 
Disposal is costly. On the one hand, these materials are a 
potential hazard to the environment, and on the other, proper 
treatment would put additional burden on the feeder and 
undoubtedly raise the already high price of beef. If instead 
of disposal one can find a feasible method of utilizing this 
"waste" the advantages become self-evident. 
To date, the most acceptable method of utilization has 
been as a fertilizer. This will no doubt continue to be 
important in the future, but several pitfalls should be 
mentioned. There are limitations as to the amount of manure 
which a given area of land will accept. In addition, it can 
only be applied seasonally. When the ground is frozen, 
little material can be absorbed, and during spring thaw any 
manure which has been applied is likely to present a runoff 
problem. 
Refeeding of cattle manure has also been suggested as an 
important method of utilization. 2 r 3 r 4 Anthony5,6,7,8 has 
done most of the work to date on direct refeeding. According 
to Anthony, fresh feedlot manure can be mixed with a 
concentrated ration and fed successfully to cattle with a 
considerable saving of feed used per unit of beef produced. 
Cooking or washing of the manure did not significantly 
effect the results. A later approach of his was to combine 
feedlot manure and hay (57:43 ratio} to make a relatively 
dry silage he calls "Wastelage". He reports nearly equal 
daily gains, equal carcass grades, and lower parakeratosis, 
based on substitution for corn silage in the ration, Lut 
only half the daily excreted manure could be reused in this 
fashion without lowering performance. Even more recently, 
---- --------------
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Moore and Anthony 9 have shown that ammonification of 
anaerobically fermented feedlot manure increased the crude 
protein from 17 to 48% and was acceptable as feed for lambs. 
Catfish have been raised on 50% diets of manure in oxidized 
ponds.lO At this time, FDA does not sanction any direct 
refeeding process,ll but has laid down criteria which would 
have to be met before cattle fed in this manner could be 
marketed.12 
Studies have also been done on indirect methods such as 
the refiJdi£~ of 5microorganisms which have been grown on 
manure. ' ' Similar work using various thermophilic 
microorganisms is in progress (ie. G.E.'s pilot plant in 
Casa Grande, Arizona), and some feedlots now in operation 
are economically feeding bacteria back to cattle.l4 
Two distinctly different means of utilization would be 
conversion of the cattle manure into oit~ or into building 
material like bricks. The oil process, according to the 
U.S. Bureau of Mines, requires that manure or any cellulosic 
waste be placed in a reaction vessel with carbon monoxide at 
an initial pressure of 1200 psi, and heated at 380°C for 20 
minutes. Based on dry manure, the yield of oil is 47% (3 
barrels/ton). Fecal bricks are made by fusing recycled 
glass with manure. 
One process has been investigated by Gilbertson17 for 
preparing a refeedable product involving the slurrying of 
the manure (feces and urine) and subsequent particle 
separation. '!'his would be most applicable to confinement 
feeding operations, where the manure can be collected on a 
daily basis. 
Passing the slurry through a 500 micron sieve produces 
a filter cake (representing - 30% of the dry weight) which 
has the following relevant characteristics: a much lower 
moisture content, easily drie&, a high nutrient composition, 
and high digestibility ( 61. 3% in artificial rumen) .l7 A 500 
micron sieve was used in the separation because of a trough 
in the particle size distribution curve between 50 and 500 
microns, and because only about 50% of ghe solids can be 
refed efficiently,according to Anthony. Little or no 
attention has been given to the filtrate which contains the 
remainder of the solids suspended in 95% water. 
This group intends to determine the chemical and 
physical properties of this filtrate stream. 
As mentioned above, one possible means of utilization 
is land application. A fertilizer quality comparison 0etween 
the filtrate stream and fresh manure on corn will Le carried 
out. Control groups will have no fertilizer, anhydrous 
ammonia, and solid chemical fertilizer (N-P-K). The rates of 
-------------
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application of fertilizer and moisture will be varied. 
Direct refeeding to the cattle of the solids in this 
filtrate stream is of course a means of utilization but 
this requires dewatering. Dewatering procedures to be 
attempted include wet sieving refiltration, centrifugation, 
and coagulation. 
The feasibility of fermenting the filtrate and harvest-
ing the cells produced will be investigated. The organism 
employed must grow quickly on the prescribed media, produce 
no toxic or polluting products, and perhaps be tolerant to 
rather harsh conditions. For these reasons, two species of 
yeast, a thermophile and a mesophile, have been chosen. 
Most of these experiments will be carried out in incubated 
shake flasks in which the effects of changes in temperature 
and initial pH will be examined. A benchtop fermentor will 
also be used so that pH and oxygen supply can be regulated. 
Evaluation of a given fermentation wi~l be based on measure-
ments of cell numbers obtained by plotting against time, 
From this, growth rate and specific growth rate may be 
determined as a function of time and yield calculated. 
The chemical oxygen demand, C.O.D., (using K2Cr 2o7 ) will tested. This will be useful in predicting the aerat~on rate 
in the fermentor, the soil oxygen depleted in utilization as 
fertilizer, and potential environmental hazards in waste 
treatment. Concentrations of various metallic components 
(K, Na, Ca, Mg, Zn, Cu, Fe, Mn) will be determined by atomic 
absorption. Nitrogen in the form of NH4 and NO), Kjeldahl 
nitrogen, and phosphorus in the form of P04 and P 2o74 will be 
analyzed by standard techniques. Quantities and types of 
amino acids will be determined by an amino acid analyzer. 
The in vitro digestibility, another property applying to 
nutritional evaluation, will be determined in an artificial 
rumen. 
Physical properties to be determined include viscosity, 
density, heat capacity, sedimentation rates, and particle 
size distribution. Density and viscosity will be used to 
evaluate pumping characteristics and pipe losses in 
transporting the filtrate for field application. Size 
distribution will provide a perspective on other physical 
properties, and will be found using a Coulter Counter and 
wet sieve filtration column. 
Determination of sedimentation rates involves measure-
ment of suspended solids in a large tank as a function of 
depth and time. Results are related to ease of separation 
and can be applied in examining the feasibility of settling 
tanks as a separation process. It may prove as useful to 
look at the reverse process - resuspension of the particles. 
If the particles are not easily resuspended difficulties will 
arise in pumping. 
4 
It should be emphasized that this material has not 
previously been characterized. As a result, the direction 
which the group will take must have some flexibility. 
Unforeseen methods of utilization may well appear during the 
project period. These will be investigated, as time and 
manpower permit in the same fashion as methods now being 
checked. This includes demonstration of practicability in 
the laboratory, design of a plant for the process, and an 
analysis of economic feasibility. 
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INTRODUCTION 
PROTEIN FROM MANURE 
C. R. Engler and J. S. Yohn 
Department of Chemical Engineering 
Kansas State University 
Manhattan, Kansas 66506 
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This paper is a review of several technologies that can be applied 
for production of protein from manure. The processes discussed are 
(1) extraction of undigested protein from manure, (2) alkali treatment 
of mar.ur-e followed by fermentation with a cellulose-utilizing micro-
organism to produce single-cell protein, (3) acid hydrolysis of manure 
to produce sugars for fermentation with Torula Yeast or other single-
cell protein organisms, and (4) fermentation with thermophilic cellu-
lolytic bacteria to produce single-cell protein. The four processes 
are described and compared as to their relative merits for manure proc-
essing following some general comments about the composition of manure. 
Very little has been reported in the literature as to the composition 
of cattle manure. Anthony [1] reported a manure composition of about 
16% protein, 50% cell wall material, 32% total sugars and 8% ash based 
on dry matter in the samples. The protein content of manure apparently 
is somewhat less than the protein content of alfalfa (about 21% of dry 
matter) as reported by Kohler and Bickoff [2]. 
The cell wall material in cattle manure is composed primarily of 
cellulose and lignin. No data are available on the relative amounts of 
each, but comparison with plant cellulosic wastes indicates that about 
80% of this should be cellulose. By breaking down the cellulose into 
useful nutrients, nearly 80% of the total dry matter in manure could 
be made available as a foodstuff. 
Manure may also contain feed additives such as antibiotics and 
hormones that pass through the animals. In recovering the nutrients 
from feedlot manure, consideration must be given to the effect of 
recycling these additives. There may also be some effect on the organisms 
used in the fermentation processes. Another concern of manure protein 
users will be the possibility of pathogens being transmitted through the 
product. These concerns should be of equal importance regardless of 
the process used to recover manure nutrients. 
EXTRACTION OF UNDIGESTED PROTEIN 
One way to recover nutrients from manure would be to extract the 
undigested protein which accounts for about 16% of the total dry matter. 
Several commercial processes are currently being used to extract protein 
from various plant products including leaf protein from alfalfa and soy 
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protein from soybean meal. These processes will be described and compared 
for applicability to manure protein extraction. 
A commercial process for recovery of high-xanthophyll content leaf 
protein concentrate has been described by Kohler and Bickoff [2]. Freshly 
cut alfalfa is fed to a cane mill which ruptures the cells and presses 
out the juice containing abcut 20% of the alfalfa protein. The juice is 
treated with ammonia to raise the pH to 8.5 and heated with steam to 75°C 
to coagulate the protein. Protein curd is separated from the liquor and 
dried to a 50% protein concentrate product. Recovery of protein in the 
concentrate product is only about 10% of the initial alfalfa protein 
content. Poppe, et al. [3] used a lower pH in the coagulation step which 
should help increase recovery. 
Soy protein can be concentrated from soybeans once the oil has been 
extracted. Three processes, all of which rely on dissolving the non-
protein constituents in the meal to separate them from the protein, are 
available to provide the concentration. These processes are aqueous 
alcohol extraction which uses a 60 to 80% alcohol solution to dissolve 
the carbohydrate portion of the meal leaving the protein and fiber solids, 
acid leaching which is based on the limited solubility of protein at its 
isoelectric point (pH of about 4.5), and steam leaching which uses heat 
to denature the proteins so the carbohydrates can be dissolved in water 
leaving a protein curd [4, 5]. 
A more elaborate protein isolation process [4, 5] can be used with 
soybean meal. Protein and soluble carbohydrates are separated from the 
fibrous portion of the meal by dissolving at neutral to alkaline pH. 
The pH of the solution is then adjusted to 4.5 to precipitate the protein. 
This method gives a product with greater than 90% protein content but 
recovers only about 50% of the total protein [6]. 
None of the vegetable protein concentration methods as described 
would be directly applicable to extraction of manure protein. However, 
the properties of proteins which allow their separation can be used. 
These properties are solubility under neutral or alkaline conditions, 
insolubility at the isoelectric point (pH about 4.5), and coagulation 
with heat treatment. Separation of protein from manure would be most 
nearly like leaf protein extraction since there is a large amount of 
fibrous material in both raw materials. 
A combination of parts of the leaf protein extraction and soy 
protein isolation processes would probably provide the best results for 
manure protein extraction. The protein could be separated from the 
fibers by dissolving at neutral to alkaline pH. Heat treatment or a 
combination of heat and lower pH would then be used to coagulate the 
protein for separation and drying. To make manure protein extraction 
economically feasible, significant improvement in recovery would be 
required. 
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PRODUCTION OF SINGLE-CELL PROTEIN 
Although direct recovery of protein from manure is technologically 
feasible, the maximum possible recovery would be about 16% of the manure 
dry matter. A much greater feeding potential would exist if the cell 
wall material and sugars could be utilized along with'the protein. 
One method of obtaining this amount of nutrient utilization would be 
to use manure as a substrate for production of single-cell protein 
(SCP). The product could then be used as part of the feed ration for 
cattle or, if properly refined, as protein for human consumption. 
Production of SCP from cellulose requires breaking the cellulose 
macrostructure into smaller units that can be utilized by the protein-
producing organism. Cellulose breakdown can be accomplished in several 
ways: 
(1) by alkali pretreatment followed by fermentation with a cellu-
lolytic microorganism, 
(2) by hydrolysis to form simple sugars which can be utilized by 
a larger variety of organisms, and 
(3) by fermentation with thermophilic microorganisms such as those 
found in compost piles to produce SCP directly. 
Several processes have been described for producing SCP from cellulosic 
wastes using the various breakdown routes. 
An alkali treatment process was developed for use with crop residues 
such as sugar cane bagasse and has been described by Callihan, et al. 
[7, 8, 9]. It should be equally applicable to manure processing. The 
cellulosic waste is fed to a boiling caustic slurry tank where a 10% 
solids slurry is maintained. The solids are then dewatered and passed 
through a partial oxidation furnace and finally mixed with other nutrients 
for fermentation. 
The alkali treatment is believed to cause depolymerization, decrystal-
lization, delignification and swelling of the cellulose fibers. In addition 
to solubilizing part of the fiber, it apparently causes a change in the 
insoluble portion of the fiber which allows it to be more easily digested 
by the bacteria. In order to provide the greatest recycle of nutrients, 
the manure should first be washed to remove the soluble sugars and protein 
with this liquid then fed directly to the fermentation step. Some 
nutrients would be lost as solubles in the caustic solution and could 
probably not be recovered economically. 
Fermentation of this alkali treated substrate requires specific 
microorganisms which can utilize cellulose directly as their energy 
source. Callihan, et a~ [7, 8, 9] have reported the isolation of a 
soil bacteria which can be used but by itself does not produce a very 
good yield. Initial studies with a symbiotic culture indicate a 
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significant improvement, but production efficiency in grams per liter 
of fermentor volume are still only about 25% of efficiencies achieved 
in yeast fermentations. 
Hydrolysis of wastepaper, bagasse and other solid cellulosic wastes 
with dilute sulfuric acid has been considered by Meller IlO]. Both 
batch and continuous processes were proposed based on use of 0.4% 
sulfuric acid, 200°C, and a 20% solids slurry. Conditions were chosen 
to give a maximum conversion of cellulose to sugars (primarily glucose) 
while minimizing the decomposition of the product sugar. Reaction 
kinetics were based on those available for wood hydrolysis. For the 
continuous process, a residence time in the reactors of about 30 minutes 
is required. Approximately 45% conversion of cellulose to sugar should 
be obtained with this process. 
Yohn and Line [11] have proposed an acid hydrolysis process using 
a recent study of paper hydrolysis kinetics by Fagan, et al. [12]. 
Design conditions are for use of 2% sulfuric acid and 210°C with a 
50% solids slurry. Reaction time is 25 seconds followed by a caustic 
quench to cool and neutralize the slurry. Conversion of cellulose to 
sugar is estimated to be about 60%. 
The sugar solution from either hydrolysis process would be separated 
from solid residues and then fed to a fermentor for production of 
Torula Yeast or other appropriate SCP organisms. It is not known what 
effect the hydrolysis process would have on the protein in the manure, 
but it would probably end up in a form that could be utilized by the 
microorganisms. 
Research on the use of thermophilic microorganisms for recycling 
cellulosic wastes has been conducted by Bellamy [13~ 14] at General 
Electric. He has isolated a wide variety of thermophilic microorganisms 
from such sources as compost heaps, horse manure piles, mangrove swamps 
and tropical rain forests. A number of the organisms can utilize cellulose 
and/or lignin. Pretreatment of the cellulose substrate with cold dilute 
sodium hydroxide was found to increase the rate of utilization and in 
some cases increased the total fraction utilized. 
General Electric has built a demonstration plant which uses dry 
feedlot waste as the substrate. Details of the process are not known, 
but it apparently uses a mixed culture for the fermentation. The fer-
mentation temperature is 130-140°F [15]. Yield and protein content 
of the product are not known. 
SUMMARY AND CONCLUSIONS 
Several routes for the utilization of nutrients in cattle manure are 
technologically feasible. Economic data are generally not available 
for the proposed processes, particularly when applied to manure procesHing, 
so that it is difficult to say how competitive manure protein pro4ucts 
would be with current market conditions. 
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Of the processes discussed, thermophilic fermentation would appear 
to have the most promise since it provides good nutrient recovery with 
the least amount of processing. It also has the advantage of no by-
products that require further treatment or disposal. However, the quality 
of the product has not been proven as to its suitability for animal feed. 
The acid hydrolysis process should be nearly as good as thermophilic 
fermentation with respect to nutrient recovery but would require additional 
processing. Another disadvantage is the production of solid residues that 
require disposal. Product quality and acceptance should pose few problems 
since well-known organisms can be used for the fermentation. 
Alkali treatment and protein extraction appear less promising 
because of the greater amount of processing required and the lower 
nutrient recovery achieved. Both processes would also have solid 
residue disposal problems. However, if good protein recovery were 
achieved with an extraction process, it could be utilized as a pretreat-
ment step for any process designed to handle the manure solids such as 
gasification. 
REFERENCES 
1. Anthony, W. B., "Cattle Manure as Feed for Cattle," Livestock Waste 
Management and Pollution Abatement, Proceedings of the International 
Symposium on Livestock Wastes, Am. Soc. Ag. Eng., St. Joseph, 
Michigan, 1971, pp. 293-296. 
2. Kohler, G. 0. and E. M. Bickoff, "Commercial Production from Alfalfa 
in USA," IBP Handbook No. 20, Leaf Protein: Its Agronomy, Preparation, 
Quality and Use, ed. by N. W. Pirie, Blackwell Scientific Publications, 
Oxford, 1971, pp. 69-76. 
3. Poppe, J., P. P. Tobback and E. Maes, "Factors Influencing Protein 
Extraction from Lucern (Medicago Sativa)," Lebensmittel-Wissenschaft 
& Technologie, vol. 3, no. 4, pp. 67-70 (1970). 
4. Rackis, J. J., D. H. Honig, D. J. Sessa and J. F. Cavins, "Soybean Whey 
Proteins--Reeovery and Amino Acid Analysis," Journal of Food Science, 
vol. 36, pp. 10-13 (1971). 
5. Meyer, E. W., "Soy Protein Concentrates and Isolates," Proceedings 
of the International Conference on Soybean Protein Foods, USDA 
ARS-71-35, May 1967, pp. 142-155. 
6. Wolf, W. J., "What Is Soy Protein," Food Technology, val. 26, no. 5, 
pp. 44-54 (May 1972). 
7. Han, Y. W., C. E. Dunlap and C. D. Callihan, "Single-Cell Protein 
from Cellulosic Wastes," Food Technology, vol. 25, no. 2, pp. 32-35+ 
(Feb. 1971). 
12 
8. Callihan, C. D. and C. E. Dunlap, "The Economics of Microbial 
Protein Produced from Cellulosic Wastes," Compost Science~ vol. 10, 
nos. 1-2, pp. 6-12 (1969}. 
9. Callihan, C. D. and C. E. Dunlap, "Construction of a Chemical-
Microbial Pilot Plant for Production of Single-Cell Protein from 
Cellulosic Wastes," Solid Waste Management Series Report SW-24c, 
U. S. Environmental Protection Agency (1971). 
10. Meller, F. H., "Conversion of Organic Solid Wastes into Yeasts," 
Report to the Bureau of Solid Waste Management, Public Health 
Service Publication No. 1909, (1969). 
11. Yohn, J. s. and E. F. Line, Senior design project, Kansas State 
University (1973). 
12. Fagan, R. D., H. E. Grethlein, A. 0. Converse and A. Porteous, 
"Kinetics of the Acid Hydrolysis of Cellulose Found in Paper 
Refuse, 11 Environmental Science and Technology, val. 5, no. 6, 
pp. 545-547 (June 1971). 
13. Bellamy, W. D., "The Use of Thermophilic Microorganisms for the 
Recycling of Cellulosic Wastes," AIChE Meeting, August 28, 1972, 
Minneapolis, Minnesota. 
14. Bellamy, W. D., "Cellulose as a Source of Single-Cell Proteins--
A Preliminary Evaluation," General Electric Research and Development 
Center, Report No. 69-C-335, (1969). 
15. Anon., Chemical Engineering, April 17, 1972, p. 51. 
KINETIC STUDY OF SUCROSE HYDROLYSIS BY 
INVERTASE IMMOBILIZED IN HOLLOW FIBERS 
INTRODUCTION 
Robert Williams 
Department of Chemical Engineering 
University of Nebraska-Lincoln 
Lincoln, Nebraska 68508 
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This study will be the experimental extension of the 
work of c. K. Chun (1), an analysis of heterogeneous tubular 
reactors with catalysts deposited at the tube wall. The 
objective is to determine the reaction kinetics from the 
steady-state operation of such a system when invertase is 
employed as the catalyst. 
DESCRIPTION OF THE SYSTEM 
The essential features of the system will consist of a 
pump, flow meter, constant temperature bath, hollow fiber 
beakers, and effluent and substrate resevoirs. The choice 
of pump will depend greatly upon the requirement of smooth 
la~inar flow. Hollow fiber Osmolyzers (nominal area - 1000 
em , wall thickness - 25 microns) were purchased from Dow 
Chemical Company for a molecular weight cutoff of 200. 
The method of attachment of the enzymes to the hollow 
fibers follows the method of Kay (2). This procedure uses 
2-amino-4,6-dichloro-s-triazine for the preparation of 
insoluble invertase. A simplified mechanism may be written 
as follows: 
+ HCl 
NH2"' I 
2 ' 4 6 d' hl . ~H---am~no- , - ~c oro-s-tr~az~ne 
0 
I 
~H-
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To ensure uniform distribution of the enzyme, the enzyme 
solution will be allowed to circulate through the hollow 
fibers for several hours. 
Determination of enzymic activity will be carried out 
by perfusion of the fibers with the substrate solution at a 
predetermined flow rate followed by determination of the 
reducing sugar in the effluent. Two methods for reducing 
sugar determination could be the use of a glucostat where 
glucose oxidase is employed or direct measurement of optical 
rotation. 
Both the substrate solution and the fibers will be held 
throughout the experiments in a constant temperature bath 
and care will be taken to ensure complete steady-state 
conditions of the system before assays for reducing sugar in 
the effluent are taken; also, procedures to prevent bacterial 
degradation of the fibers and contamination of the system 
will be undertaken. 
MATHEMATICAL ANALYSIS 
A mathematical procedure was first given by Stanley 
Katz (3) for transforming an observed axial profile of cross-
section average concentration into a plot of the instantan-
eous reaction rate vs. the wall concentration at which the 
reaction is proceding. Thus, no prior assumption about the 
form of the rate equation is needed. 
A dimensionless differential material balance on the 
reactant, V(y,8), at any point in the tube in steady-state 
yields 
a av 2 av 
ay<Yay> = 4y(l-y >ae- (1) 
The initial and boundary conditions are 
8 = 0 v = 1 
y = 0 V bounded (2) 
y = 1 av - = -h(v) ay 
A cup-mixed average concentration at any cross-section is 
defined as 1 _ 
v<e> = J 4y(l - y 2 )v(y,e)dy = £_ (3) 
0 co 
To reduce equation (1) to an integral equation requires 
the replacement of the function of concentration by a func-
tion of time £(8). The problem is redefined with a new 
function w(y,e) as 
a aw 2 aw 
ay<Yay> = 4y(l-y >ae <4> 
e 
-
0 w = 1 
y = 0 w bounded 
y = 1 aw 1 ry= 
The root of the solution to the kinetic analysis 
problem, equations (1) and (2), has the form 
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(5) 
dv h rv < 1 , e l 1 = -ere < 6 > 
where re 
v(l,8) = 1- J h[V(l,8)] M(8-T)dT (7) 
0 
and 
m(8) = fi-1 
. y = 1 
(8) 
The application of these equations will precede along 
the following lines. Average concentration, e, for a single 
value of X over the range of average velocity will be 
measured. Using the dimensionless groups and equation (3), 
the profile of V(8) will be determined. Differentiating 
V(8) according to equation (6) gives the corresponding 
reaction rate profile, h[V(l,8)]. The integration of equa-
tion (7) with a precalculated m(8) will give the profile of 
dimensionless wall concentrations. 
NOMENCLATURE 
c 
co 
D 
concentration of reactant 
inlet concentration of reactant 
diffusivity 
h(V) dimensionless reaction rate, K(c)R/Dc 
0 
K(c) rate coefficient 
r radial coordinate 
R radius 
v dimensionless reactant concentration, c/c 
0 
v dimensionless flow averaged reactant concentration, c/co 
V average velocity 
w function to relate v to h 
x axial coordinate 
y dimensionless radial coordinate, r/R 
0 dimensionless axial coordinate, &.K D/VR2 
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STUDY OF A TRIIODIDE-RESIN 
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With today's demand for better environmental controls, it appears 
that water disinfection is of great importance. Although the disinfection 
properties of iodine are not a recent discovery, the practical applications 
have been few in number. Recently, studies conducted at Kansas State 
University revealed some interesting disinfection properties of an ion-
exchange resin that had been treated with triiodide (1,2,3), The present 
studies are an outgrowth of the original work. One part of the present 
work has been concerned with the effect of temperature and flow rate 
(or residence time) on the efficiency of the column. Some study of the 
residual iodine concentrations was also done. The other part of the 
present work involved computer modeling of some proposed equations for the 
mechanism involved. Three models have been considered with varying de-
grees of success. All of the models were based on the assumption that the 
mechanism of kill occurs at the surface of the resin and that once killed, 
the bacteria will not be readsorbed onto the resin surface. 
The column prepared and used previously by Kao et al (3) was used in 
this work. The efficiency of the column was examined with respect to 
Escherichia coli, a relatively harmless: inhabitant of the human digestive 
tract. The6concentrated bacteria solution was diluted to a concentration 
of about 10 cells/ml. A pump in the system allowed the use of larger 
flow rates to acheive decreased residence times. The column was operated 
as a fixed bed with a water jacket around it for the purpose of temperature 
control. Samples were taken after the bacteria solution had passed through 
the column at the various flow rates. A sample for residual iodine concen-
tration measurements was taken at the same time. The bacteria solution 
samples were diluted as necessary and 48-hour plate counts were made. The 
residual samples were analyzed through the use of a linear starch indicator 
and a spectrophotometer at 610 m~. 
The results indicated a decrease in column efficiency at low residence 
times. At a certain point, the curve broke sharply and leveled out indicating 
a maximum efficiency that was essentially unaffected by increased residence 
times. The mechanism thought to be involved is a surface reaction in which 
the bacteria is adsorbed onto the resin surface, displacing the iodine. + 
The displaced iodine undergoes a rapid reaction in the water to form H20I 
which attacks the S-H linkage of the bacteria. Dead cells are desorbeo from 
the resin surface and are carried out of the column. This mechanism 
presumes the attachment of iodine to the dead bacteria. With this in 
mind, residual iodine concentrations of the effluent were measured. At low 
residence times where less kill occurred there should be a smaller residual 
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iodine concentration than at the higher residence times. The experimental 
results, in some instances, tended to demonstrate this behavior. However, 
the overall results were somewhat inconclusive. 
In order to model the triiodide-resin complex disinfection system, two 
assumptions were made. These were based, in part, on earlier studies of 
the system. The first assumption of kill at the resin surface resulted from 
some electron microscope photographs of !· coli on the resin surface in 
previous work by D. E. Robker. With this assumption, it is possible to 
develop differential equations for the disinfection system •. 
Live Cell Balance in the Bulk Fluid 
Live Cell Balance on the Resin Surface 
acR (cRo -CR -CD ) 
at= Ka\ CRo C - KdCR - KCR 
Dead Cell Balance on the Resin Surface 
____£_ = KC - K_ C + K . Ro R D C ac ~c -c -c ) 
at R -n D A CRo d 
Dead Cell Balance in the Bulk Fluid 
acd -uaCd N Ap ~ CD - N ~ KA fRo -CR-CD) 
F = az + a a \ CRo cd 
where: C • the concentration of live microorganisms in the 
bulk fluid 
CR = the concentration of live microorganisms on the 
resin surface 
Cd = the concentration of dead microorganisms in the 
bulk fluid 
CD = the concentration of dead microorganisms on the 
resin surface 
u = the superficial fluid velocity 
z = the unit length in the direction of flow 
N • the number of resin particles per unit volume of bed 
A = the surface area per resin particle p 
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CRo= the maximum concentration of live microorganisms on the 
resin surface 
K = the reaction rate constant 
Ka = the adsorption constant of U.ve microorganisms to the 
resin surface 
KA = the adsorption constant of dead mi'Croorgan::J;sms to the 
resin surface 
Kd = the desorption constant of live microorganisms from 
the resin surface 
Ko = the desorption constant of dead microorgan::J;sma from 
the resin surface 
a = the void fraction in the column 
Next, assume that no dead microorganisms are adsorbed to the resin sur-
face and allow the system to approach steady state. Then: 
-uac 
-- + dZ 
0 
K Ro R D C ~ -c-c~ a CRo -KC -KC d R R 0 
-uac N A ~ CD d + p = 0 dZ a 
The boundary conditions are: 
c = c at z :: 0 
0 
cd = 0 at z = 0 
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With these differential equations, the relationship, between residence time 
and killing efficiency (C), is: 
ln C 
-
where: C = Cexit I Co 
Ao = Ka ~+~d) 
Al = ~CRo{ +:d) 
N A 
A2 = ___.a. ILK C 
a -l> a Ro 
t 
v 
= residence time = F 
This equation, when plotted against a set of data from Robker's work, 
did not match the data at high residence times. Next, equations were de-
rived on the assumptions that the adsorption was inversely related to the 
residence time and directly related to the square root of the Reynolds number. 
The equation based on the assumption that the adsorption was inversely 
proportional to the residence time gave a reasonable fit to the experimental 
points. 
At this time it appears that future work should investigate the pro-
posed mechanism in a more detailed manner. Additionally, a complete parameter 
estimation with the equations used is needed. 
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MODELING AND ANALYSIS OF SYMBIOTIC GROWIH 
John C. Heydwe!ller 
Department of Chemical Engineering 
Kansas State University 
Manhattan, Kansas 66506 
1 A paper by Chao and Reilly presents experimental data for the 
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growth of the bacterium Acetobacter suboyxdans and the yeast Saccharomyces 
carlsbergensis in a chemostat. These two organisms exhibit a symbiotic 
relationship in which the bacterium oxdized mannitol to fructose which 
was consumed by the yeast. This report will model this relationship 
assuming the kinetics follow the Monod equation. 
Kinetic Model 
In the kinetic equations below, V1 is the bacterium cell volume 
concentration, V2 the yeast cell volume concentration, S1 the mannitol 
concentration, and s 2 the fructose concentration. 
dVl J..ll sl vl 
= dt Kl + sl 
dS 1 J..ll 81 vl 
dt = - y 1 (Kl+Sl) 
dV2 J.12 s2 v2 
dt = K2 + s2 
dS 2 J.11 81 vl J.12 82 v2 
dt = yl (Kl+Sl) Y2(K2+S2) 
Steady State Material Balances 
For a chemostat volume V and a volumetric feed rate F, the steady 
state material balances are: 
v = = 0 
= 0 
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dV2 'hl2S2V2 0 v dt = - FV2 + V ~+S2 = 
dS2 .J.IlSlVl J.12S2V2 
0 v = 
- FS2 + V y (K +S ) v = dt 1 1 1 Y2(K2+S2) 
Introduction of the dilution rate, D. simplifies the equations. 
(1) 
(2) 
(3) 
(4) 
D - F/V 
JJlSlVl 
- yl (Kl+Sl) = 0 
JJ2S2V2 
0 
-DV2 + K + S = 
2 2 
JJlSlVl 1J282 v2 
-DS + 
Y2(K2+S2) 2 yl (Kl+Sl) = 0 
There are three possible solutions to the above set of four equations. 
These are: 
(1) bacterium and yeast present 
(2) only bacterium present 
(3) no organisms present 
The solution will depend on the dilution rate. 
Solution (1) 
sl 
DK1 
sz = lJ -D 1 
vl = yl (SlO - Sl) v2 
DK2 
= 
'hl -D 2 
= y2 (SlO - s - s ) 1 2 
Solution (2) 
Computational Procedure: 
v "'0 2 
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The data of reference (1) were analyzed to determine the kinetic 
constants. A linear least squares program was used to determine the values 
of ~i and K1 from the Lineweave!1- Burke plots. As suggested in reference (1), the dafa forD • 0.060 hr. was not included in the analysis of the 
yeast growth. The values of Y1 and Y2 were calculated from the data and then fit to a cubic equation in D. 
With all the constants determined, the cell and substrate concentrations 
can be determined for any value of D. The value of D is compared to the 
critical dilution rates for the two organisms and the correct solution 
is then computed. 
Results: 
The calculated kinetic constants are: 
-1 ~l = 0.183 hr. 
K1 = 0. 468 g. /1. 
-1 ~2 = 0.402 hr. 
K2 • 0. 449 g. /1. 
With th~ie constants, the critical dilution rate for the bacterium 
is 0.154 hr. • There is no significant difference between the critical 
dilution rates for the bacterium and the yeast. 
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Figure 1 shows the predicted and experimental cell and substrate 
concentrations. At dilution rates close to or greater than the predicted 
critical dilution rate, the model deviates significantly from the 
experimental data. This suggests the possibility of organism growth on 
the wall of the vessel or other phenomena for which the model cannot account. 
The decrease in bacterium concentration between D = 0.07 and D = 0.06 
is caused by the fit of the cubic equation to the yield data. 
Addendum: 
Since the growth rate of the yeast was much faster than that of the 
bacterium, the critical dilution rate for the yeast was close to that 
of the bacterium. If the growth rate of the yeast were not as great, 
it would wash out at a lower dilution rate than the bacterium. The 
effect of lower growth rates of the yeast is shown in Figure 2. 
The critical dilution rates are shown in the table below. 
Critical Dilution Rate, hr. 
112, hr. 
-1 
bacterium 
Nomenclature: 
D 
F 
.4016 0.154 
.2008 0.154 
.1004 0.154 
-1 
= dilution rate, hr. 
= volumetric feed rate, 1/hr 
K = 1 affinity coefficient of mannitol, 
K2 = affinity coefficient of fructose, 
s = 1 concentration of mannitol, g. /1. 
yeast 
0.151 
0.139 
0.083 
g. /1. 
g. /1. 
-1 
SlO= concentration of mannitol in feed, g. /1. 
s2 = concentration of fructose, g. /1. 
t = 
. -1 
time, hr. 
v = volume of chernostat, 1. 
vl cell volume concentration of bacterium, 
3 
= ern /rnl 
cell volume concentration of yeast, 3 v2 = ern /rnl. 
Nomenclature- (cont.) 
Reference: 
Y1 =yield of bacterial cell volume on mannitol, cm
3/g. 
Y2 yield of yeast cell volume on fructose, cm
3/g. 
-1 ~l = maximum specific growth rate of bacterium, hr. 
-1 ~2 = maximum specific growth rate of yeast, hr. 
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(1) C. C. Chao and P. J. Reilly, Biotechnology and Bioengineering, 
14, 75 (1972). 
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SYNCHRONOUS GROWTH OF THE BLUE-GREEN 
ALGA MICROCYSTIS AERUGINOSA 
Kenneth J. Jacobson 
Department of Chemical Engineering 
University of Nebraska-Lincoln 
Lincoln, Nebraska 68508 
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This paper involves research which has as yet gone 
little beyond the proposed state. It builds on work 
previously done in this department by Kothari(!) and Goto(2). 
The intention of this work is to gain some insights 
into the growth of individual cells of the nuisance blue-
green alga Microcystis aeruginosa. The method which will be 
used involves growing the organism in synchronous culture 
and taking of cell size distributions as a function of time. 
Other more facile measurements, e.g. cell numbers and optical 
density, will also be made. 
Cell size distributions can be obtained by a number of 
methods. The one to be applied for this work is the use of 
a Coulter Counter in which the electronics have been altered 
so that size distributions can be obtained. The big 
advantage of this method is that experimentally precise data 
can be obtained quickly and rather painlessly. Kothari(!) 
developed the apparatus which will be used, and applied it 
to the growth of the fission yeast Schizosaccharomyces pombe 
in a chemostat. The advantages of taking measurements on 
cells growing in a chemostat are that the culture is in 
balanced growth, at steady state, and that studies are 
possible on the response of the organism to growth under 
nutrient limitation. A major disadvantage is that a complex 
mathematical model is necessary in order for the data on the 
whole population to provide information about individual 
cells. This model requires that the size distributions be 
known very accurately, and unfortunately errors can creep in 
from various sources. For example, electronic noise is a 
problem; also, the shape and trajectory of the cells passing 
through the aperture can affect the voltage pulse output, 
and therefore the size which is recorded for the cell. 
Coincident passage of more than one cell might be especially 
important in the case of M. aeruginosa, since there is a 
marked tendency for cells to remain attached after division. 
So instead of growth in a chemostat this investigation 
will involve growth in synchronous culture. In ideal 
synchrony all of the cells arc at the same stage of the cell 
cycle, and the behaviour of the culture as a whole reflects 
the behaviour of an individual cell. This ideal can not be 
realized in practice, but some degree of synchrony often can 
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be obtained. The advantage of doing this is that it is the 
mean cell size that is the important property of a 
synchronous culture, rather than the exact size distribution. 
This means that most of the disadvantages of taking Coulter 
Counter measurements of a balanced population of cells 
growing in a chemostat will not apply. The mathematical 
model is no longer necessary, and systematic errors which may 
be introduced will be less important, as they will in general 
apply equally at every stage of the cell cycle. Another big 
advantage is that with synchronous growth the experiments are 
conducted in shake flasks, and it is therefore possible to 
have several runs progressing concurrently. 
Methods of obtaining synchrony can be divided into two 
classifications, those which induce synchrony and those 
which obtain it by mechanical selection. The induction 
methods involve a change in growth conditions of the culture. 
A step change in pH is one example of an induction regimen, 
and the addition of a given growth factor is another one; 
neither have been used for a blue-green alga. 
One method that has been used to induce synchrony in 
blue-greens is temperature alteration. Lorenzen(3-5) was 
the first to synchronize a blue-green {in 1969) when he grew 
Anacystis nidulans in unialgal culture on a 14-hour cycle 
with 8 hours at 26°C and 6 hours at 32°C. An excellent 
synchronous division occurred about 2 hours after the 
temperature increase, and synchrony could be maintained for 
many cycles. But at the lower temperature the cells 
accumulated photosynthetic products, became elongated, and 
pseudofilamentous stages were commonly observed{4). It 
hardly needs to be mentioned that artifacts of this nature 
are undesirable. 
One induction method that has been commonly used on 
eucaryotic algae is intermittent illumination. This 
involves a cycle of light and dark periods, and of course is 
effective only for photosynthetic organisms. Lorenzen{3) 
attempted to use this method on A· nidulans and failed. 
Herdman{6,7) succeeded with the same organ~sm by using a 
variation of the methods established for eucaryotes. He 
deprived a balanced culture of light and air for up to 24 
hours, and then restored the normal growth conditions. A 
1/2 hour time lag was followed by two beautifully synchronous 
divisions, with the proper generation times, but there were 
serious artifacts. 
In general, the use of an induction regimen to obtain 
synchrony is characterized by perturbed growth and serious 
artifacts. A better method is mechanical selection, which 
involves centrifugation on a linear density gradient to 
olltain an aliquot of cells of uniform size. The aliquot 
then serves as inoculum for the synchronous culture. This 
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method gives a much less artificial situation than inducing 
synchrony. There are two variations of this method, one 
using differential centrifugation and the other equilibrium 
centrifugation. 
Selection by differential centrifugation utilizes a 
sucrose gradient. The separation mechanism is a Stokes' Law 
effect, involving the variation in settling rate with cell 
size. This method was established by Mitchison and Vincent 
(8), who appear to be the first ones {1965) to measure size 
distributions on synchronously growing cultures. It is also 
the method used by Kubitschek{9), who in 1968 published 
Coulter Counter size distributions for E. coli in synchronous 
growth. - --
Schmidt.(lO) is apparently the first investigator to use 
a mechanical selection method and successfully synchronize a 
blue-green alga. In recent work with Synechococcus lividus 
he has attempted to obtain synchrony us1ng d1fferential 
centrifugation, intermittent illumination, and also 
equilibrium centrifugation. This latter method utilizes 
Ficoll, a polymer of sucrose {MW "'"400,000), for the density 
gradient. The reduced osmotic effect allows a much more 
dense gradient {e.g. 25 to 45% by weight) to be used than 
for sucrose. The density of the cells themselves can be 
attained by the solution. The separation mechanism is 
associated with a variation in cell density with respect to 
the stage of the cell cycle. The culture is centrifuged to 
equilibrium and an inoculum of isopycnic cells is obtained. 
Previous work by Schmidt{ll, 12) has been with Chlorella, for 
which he reports equilibrium centrifugation to be the most 
successful regimen of the three mentioned above. For S. 
lividus, on the other hand, the equilibrium method was-not 
successful, while differential centrifugation and intermit-
tent illumination were. His explanation is that the cell 
density of this organism does not very throughout the 
division cycle. Schmidt's investigations have not included 
cell size distributions. 
In general, it appears to be the case that more 
satisfactory results are obtained when a mechanical selection 
method is used. It has also been concluded that the Coulter 
Counter provides the preferable method of determining cell 
size distributions. So the intent of this investigation is 
to obtain synchronous growth of M. aeruginosa, using a 
mechanical selection method if possible, and to take size 
distributions and other pertinent measurements as a function 
of time. A major goal is establishing a synchronization 
technique to be used in further studies of the ~- aeruginosa 
cell cycle. It is hoped that this work will also be of help 
to future investigators of this organism and of other blue-
green algae. 
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COMPUTER MODELLING OF THE 
REDUCTIVE PENTOSE PHOSPHATE CYCLE 
Clarence c.-Y. Hon and Lincoln L.-s. Yang 
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University of Nebraska-Lincoln 
Lincoln, Nebraska 68508 
INTRODUCTION 
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Starch and glucose are produced from carbon dioxide by 
most photosynthetic plants by means of the reductive pentose 
phosphate cycle (Figure 1) , also known as the photosynthetic 
carbon reduction or Calvin-Bassham cycle. It has been shownl 
that it is not economical to employ the free or stabilized 
enzymes of this pathway to make these products on earth; it 
is altogether possible, however, that this process would be 
useful on long space missions, where the amount of carbohy-
drate that would have to be brought along if none was 
produced on board would be very large. Therefore it is of 
interest to determine the technological feasibility of the 
use of photosynthetic enzymes to produce starch. 
The project reported here investigated methods to model 
the cycle when it was carried out in a continuous stirred 
tank reactor. Magnasium carbamyl phosphate was added to 
regenerate ATP from ADP; hydrogen was employed to reduce 
NADP to NADPH. The overall reaction can be represented by: 
18 NH 2~o10-Mg++ + 12 H2 + 119 H2o 
o-
c 6H10o 5 (starch) + 12 C0 2 + 18 MgNH4Po4 ·6H20 
Rates of enzymic equations have the form derived by 
Michaelis and Menten. Thus, for a typical enzymic reaction 
catalyzed by enzyme E: 
A B 
The rate equation assumes the form 
v f . c v b • cb 
v = CE ( max a max ) 
ca + K cb + Kb a 
Where v = overall rate of reaction 
CE = concentration of enzyme E 
Vmax f = maximum forward rate of reaction 
v b = maximum backward rate of reaction 
max 
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Reductive Pentose Phosphate Cycle and Associated Reactions 
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/ /!I 
----------------------~ ---~--- -----------------~ 
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= concentrations of components A and B, 
respectively 
Ka' Kb = affinity coefficients of components A 
and B, respectively 
The purpose of this project is to develop a definite 
routine procedure whereby different steady states of this 
cyclic reaction can be obtained. 
RELATIONSHIPS OF THE EQUATIONS 
The first 29 components (Table 1) appear in at least 
one of the 20 enzymatic reactions. The other 7 components 
are associated with the rest through 7 equilibrium or 
solubility relationships. 
There are only 17 enzymes involved in those 20 enzymic 
reactions, because 3 enzymes (aldolase, fructose-!, 
6-diphosphatase and transketolase) are used to catalyze 2 
reactions each. 
The cycle involves 26 rate equations which include: 
20 enzymatic rate equations 
2 rates of the addition of magnesium carbamyl 
phosphate and hydrogen 
3 rates of removal of starch, carbon dioxide and 
MgNH4Po4 •6H20 
0 
1 rDET = k1 [NH 2~o-J - k_1 [NH31 ~C0 3 -] 
for the reaction 
rDET is rate determining because once the concentrations of 
all components are fixed, rDET cannot be altered; while 
other enzymic reactions can have their rates varied through 
the variation of enzyme concentrations. 
Based on material balances for different components, 
the relative rates of those 26 reactions should proceed in a 
definite proportion. 
Fd, ATP & NADPH are employed either as energy or 
hydrogen carriers. This can be achieved through their 
presence in different ionic states. Since they are regen-
erated, their respective concentrations should add up to what 
had been initially assigned. 
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TABLE I 
List of Components Involved 
1. phosphoryl-3-phosphoglycerate 21. Fd++ 
2. glyceraldyhyde-3-phosphate 22. Fd+++ 
3. 3-phosphoglycerate 23. = I>ig-ATP 
4. dihydroxyacetone-3-phosphate 24. Mg-ADP -
5. fructose-1, 6-diphosphate 25. Mg++ 
6. fructose-6-phosphate 26. HP04 
7. erythrose-4-phosphate 27. HCO 3 
a. sedoheptulose-1,7-diphosphate 0 
II 
-
9. sedoheptu1ose-7-phosphate 28. NH 2Co 
00 
10. xy1u1ose-5-phosphate 29. 
II II = 
NH 2Cb0 
11. ribose-5-phosphate 
12. ribu1ose-5-phosphate 30. ATP-
4 
13. ribu1ose-1,5-diphosphate 31. ADP-
3 
14. carbon dioxide 32. P0-
3 
4 
15. g1ucose-6-phosphate 33. H2Po4 
16. glucose-1-phosphate 34. NH3 
17. starch 35. NH+ 4 
18. NADPH 
NADP+ 
36. co;. 
19. 
20. hydrogen 
------------ -·------
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Hence, there are totally 36 relationships for the 
evaluation of the concentrations of the 36 components: 
26 rate equations in the cycle, 
7 equilibrium or solubility relationships, 
3 from the sums of components (Fd, ATP & NADPH). 
THE PROPOSED METHOD 
The concentrations of 26 of the first 29 listed 
components are assumed; the other 3 components are dependent 
(due to the fact that 3 enzymes are used to catalyze 3 pairs 
of reactions) and therefore can be calculated. 
With all the concentrations of enzymes set to 1.0, the 
values of the rates of all enzymatic reactions can then be 
calculated from the 29 components. The remaining 7 compon-
ents are calculated from the 7 equilibrium or solubility 
equations. The set of the 26 components was picked such 
that all the rates were positive. The concentrations of Fd, 
ATP and NADPH are back-calculated based on the concentrations 
of the components. Finally all enzymatic concentrations are 
back-calculated, since each of the rates bears a definite 
relationship to all the others. 
SCHEMA'I'IC APPROACH 
Assume 
26 components /(E = 1.0) 
calculate components 
30 to 36 
/ Calculate cone. 
of Fd, NADP and 
ATP 
calculate rDET 
I 
calculate rates of 
addition of 
Calculate 
FDP, E4P & RSP 
Calculate rates 
of all 
enzymatic reactions 
/ 
~ ~ - ++ NH 2COPO Mg and H2 ,_ 
Calculate all 
enzymic concentrations 
0 
and removal of co 2, starch & MgNH2Po4 •6H2o 
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The scope of this study includes mathematical modeling of a bi.ochemical 
oxidation process and application of the kinetic model to a primary clarifier 
design problem. 
The model has been obtained by slightly modifying the conventional 
Monad model by introducing both the concept of parallel reactions and the 
notion of masking effect of suspended solids. New parameters involved in the 
present model are estimated by using Nakanishi's (1966) experimental data 
and Bard's (1967) non-linear parameter estimation program. The activated 
sludge process including a primary clarifier is simulated by using the 
software package ASPOP (Activated Sludge Process Optimization Program) 
developed by Fan et al. (1972, 1973) 
MODELING OF BIOCHEMICAL OXIDATION 
Nakanishi (1966) has conducted a series of batch experiments and showed 
that the removal rate of soluble substrates is reduced when suspended solids 
coexists. This is probably due to the fact that the adsorption activity of 
bacteria floes is decreaRed by the covering of suspended solids on the sur-
face of the bacteria floes. We call this phenomena masking effect. 
The kinetic equations of the so-called paralled biochemical oxidation 
are: 
(1) 
{2) 
(3) 
Equations (1), (2), and (3), respectively, give the removal rate of soluble 
substrates, the growth rate of microbes and the removal rate of suspended 
solids in batch operation. Differences in removal rates of soluble substrates 
and suspended solids are taken into account by means of a parallel reaction 
mechanism. The masking effect coefficient h3 represents the specific degree 
of influence on the adsorption activity of activated sludge. The product 
h3x3 implies the total masking effect. 
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The proposed model equations are fitted to Nakanishi's experimental 
data using a least square criteria and Bard's (1967) non-linear parameter 
estimation program. Calculated and experimental results are compared in 
Figure 1. As seen in this figure, the new model represents the experimental 
data fairly satisfactorily. The estimated masking effect coefficient is 
0.25 for the suspended solids in Kyoto sewage. It should be noted that the 
value of masking effect coefficient will be dependent on the nature of the 
suspended solids. 
SYSTEM·DESCRIPTION 
The activated sludge process system, including a primary clarifier, as 
considered in this study is shown in Figure 2. The influent flow rate is 
considered to be constant and the effluent water quality is kept fixed at 
a set standard in terms of its BOD. 
The performance equations for the primary clarifier, mixing point, 
aeration chamber, and secondary clarifier are given in Table 1. Table 2 
gives numerical values of the inlet conditions and the various constants 
employed in the correlations used. The primary clarifier performance is 
predicted by an empirical model developed by Voshel and Sak (1968). The 
perfomance of the secondary clarifier is expressed by a model due to 
Naito et al. (1969) on the assumption that pl!u~;.:fldlw conditions~preva:tl. 
in the secondary clarifier. 
RESULTS AND DISCUSSION 
Figure 3 exhibits the variation of the volume of the total system as 
a function of the primary clarifier detention time with influent suspended 
solids concentration, x~, as a parameter. It can be observed that the 
optimum primary clarifier detention time for the minimum total volume 
incrPases with an increase in the influent suspended solids concentration. 
As x~ increases from 100 ppm to 200 ppm, the optimum value of the primary 
clar~fier detention time increases from 0.5 hr to 1 hr. A further increase 
of x~ to 300 ppm enhances the value of the optimum primary clarifier detention 
time to about 3 hr. The results indicate that the optimum size of the primary 
clarifier depends on the influent suspended solids concentration. The 
total volume of the system and the primary clarifier volume increase with 
influent suspended solids concentration. 
Figure 4 shows the variation of the volume of the total system as a 
function of primary clarifier detention time with masking effect coefficient 
h3 as parameter. It can be seen that the total volume of the system is 
minimum without the primary clarifier in the case h = 0. However, the optimum 
size of the primary clarifier increases with increases in the masking 
effect coefficient. For the case h = 0.5, the optimum primary clarifier 
detention time increases to about 2.5 hr. 
CONCLUDING REMARKS 
The parallel reaction mechanism and masking effect of the biochemcial 
oxidation process in the aeration tank are mathematically modeled. The 
masking effect coefficient included in the kinetic model is estimated. 
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The proposed model can be effectively used for designing the optimum size of 
the primary clarifier in the activated sludge process. The study points out 
that both the concentration and the masking effect of influent suspended 
solids are important factors for the determination of the optimum degree of 
primary treatment for a fixed operating secondary system. For additional 
detail on this work, readers are refered to Kuo et al. (1973). 
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NOMENCLATURE 
p 
q 
r 
w 
y 
11ml 
2 Primary clarifier surface area, ft • 
-1 Endogenous rate coefficient, hr . 
Saturation constant of soluble substrates, ppm. 
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Specific constant for secondary clarifier, dimensionless. 
Volumetric flow rate of influent waste water, MGD. 
Sludge recycle ratio, dimensionless. 
Primary clarifier detention time, hr. 
Total volume of the system composed of primary clarifier, 
aeration chamber and secondary clarifier, MG. 
Sludge wasting ratio, dimensionless. 
Concentration of soluble substrate, ppm. 
Concentration of microbes, ppm. 
Concentration of suspended solids, ppm. 
Concentration of suspended solids in overflow from 
clarifier 
Yield coefficient of soluble substrates, microbes 
ppm/BOD ppm. 
Yield coefficient of suspended solids, microbes 
ppm/suspended solids ppm. 
primary 
Specific coefficient for secondary clarifier, dimensionless. 
Removal rate coefficient of suspended solids, 1/hr • microbes ppm 
S "fi f d 1 "f" h -l pec1 c constant or secon ary c ar1 1er, r . 
Maximum specific growth rate of microbes on soluble 
substrate, hr-1. 
, 1,,2,,3 Defined ~y equations (1), (2), and (3). 
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SUPERSCRIPTS 
e -- effluent overflow from secondary clarifier 
f influent to system 
r -- recycle 
o -- mixing point effluent 
1 aeration tank effluent 
Pr!mary Clarifier 
M!xing Point 
Aeration Chamber 
Secondary Clarifier 
TABLE 1 
Voshel and Sak Model 
with Flocculation 
Soluble Substrates 
Microbes 
Suspended Solids 
Kinetic Model 
Material Balance 
(C.S.T.R.) 
Naito, Takamatsu, 
Fan Model 
Assume 
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0.7788 (xf3)0.17 
e f 
x3p = x3 [ l- ----.:::.0_1_3-] 
(q/A ) . 
p 
o = _1_ xe + _r_ xr 
x3 l+r 3p l+r -3 
0 
X -1 
0 
X -2 
0 
1 1 
Y1 (Ks +x1+h3x3) 
1 1 )..lmlx1x2 
1 1 
Ks+x1+h3x3 
1 
xl + TA<j>1 0 
1 0 x2 + TA<j>2 = 
1 
x3 - x3 + TA<j>3 = 0 
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TABLE 1 (continued) 
Material Balance 
Effluent Quality 
TABLE 2 
q = 3MGD 
f 0 x2 
xr 1 11 ppm 
r 0.35 
H 10 ft 
T 0 - 4 hr p 
K 100 ppm 
s 
kd 0.002 hr 
-1 
y3 0.5 microbes ppm/s.s. ppm 
a = 0.5 
c .. 
1 0.5 BOD ppm/microbes ppm 
Cd = 20 BOD ppm 
(l+r)x~ = (1-w)x~ + (r+w)x~ 
1 e r (l+r)x3 = (l-w)x3 + (r+w)x3 
f 
x1 200 ppm 
f 
x3 100 
200 ppm 
300 
X~ 8,000 
10,000 
12,000 
-1 J.lml= 0.1 hr 
Y1 - 0.5 microbes ppm/BOD ppm 
-1 -1 0.000001 hr microbes ppm 
= 2.1 
y = o. 74 
c2 = 0.2 BOD ppm/s.s. ppm 
h3 = 0.0 
0.25 
0.5 
E 
0.. 
0.. 
-X 
.. 
0 
0 
co 
().) 
..a 
::J 
0 
CJ) 
800· 
700l-. 
600 
100-
0 
0 
\ 
~ 
\ 
\ 
X1o= 713 ppm 
X2cf 1007 ppm 
X"$P 632 ppm 
0 
X 
\ 
\ 
2 
soluble subs·;rote only 
3 
Time, hr. 
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Fig. I. Comparison of theoretical calculations with 
Nakanishi's experimental data 
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Fig. s. Variations of VT with Tp for q=3MGDJ 
X~ =200ppm, X~=8,000 ppm and h3 =0.25 
with X~ as parameter 
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Abstract: The structural parameter technique for process system 
synthesis was used to determine the optimal structure 
INTRODUCTION 
and design of a biological wastewater renovation system. 
The system was composed of a trickling filter, an acti-
vated sludge aeration vessel, and a secondary clarifier. 
Results show that both system structure and system design 
can change due to variations in process parameters. 
Current practices for the design of wastewater renovation systems 
do not take the selection of the treatment process (or a combination of 
processes) and its configuration or structure into account. Mostly, stan-
dard design procedures are employed to prepare cost estimates at several 
alternative design conditions for a selected wastewater treatment process. 
Existing plants are often used as a basis for the design of new plants. 
This paper deals with the use of the structural parameter method (1) to 
synthesize the optimal design and structure of a biological wastewater 
renovation system. 
SYSTEM DESCRIPTION AND PERFORMANCE 
Figure 1 depicts the biological wastewater renovation system under 
consideration which consists of ~ trickling filter, an activated sludge 
aeration vessel, and a secondary clarifier. By the aid of structural 
parameters, the system structure shown was rendered very general in nature. 
The structural parameter method for process system synthesis has been 
described in detail elsewhere (1). In the present formulation, some inter-
connections were omitted on the basis of common sense and engineering 
know-how. At each of the points where process streams are split, one can 
write equations to show that the corresponding structural parameters must 
sum to unity and that each one of them must be in the range zero to one. 
Also, flow and material balances (for organic nutrients and microbes) can 
be written for each of the mixing points that precede each of the process 
subsystems. 
In this study, the reduction in the concentration of oreanic nutri-
ents in the trickling filter was expressed by the semi-empirical model 
of Roesler and Smith (2) with a constraint that the trickling filter effi-
ciency is not to exceed 80%. A completely mixed flow model was employed 
to describe the activated sludge aeration vessel performance. The erowth 
kinetics of the microbiological system in the aeration vessel wao deDcribed 
by the Monod model (3) with an endogenous metabolism term added. The per-
formance of the secondary clarifier was estimated based on a semi-empirical 
model developed by Naito et al. (4), assuming that plug flow conditions 
prevail in this process subsystem. A constraint was imposed on the system 
performance in terms of the total BOD allowed in the effluent to be no 
greater than 20 ppm. 
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The total construction cost of the system was used as the objective 
function in this study. The total construction cost is the sum of the 
costs of each of the three process subsystems plus 40% in excess for engi-
neering fees. The cost of the trickling filter was estimated using a corre-
lation due to Roesler and Smith (2) which relates the cost to the volume 
of the trickling filter. A cost-volume correlation due to Smith (5) was 
used for estimating the cost of the aeration vessel. The secondary clari-
fier cost is related to its surface area and such a correlation due to 
Smith (5) was used in this study. 
RESULTS AND DISCUSSION 
Due to the inclusion of the structural parameters in the formulation, 
the resulting mathematical model encompasses not only the subsystem per-
formance but also the system structure. In this particular case, systems 
analysis led to eight degrees of freedom, if the system influent conditions 
and the effluent quality are fixed. A modified simplex pattern search was 
utilized for optmization. Sensitivity of the system structure and design 
was studied with respect to variations in the maximum specific growth rate 
of microbesT~n the aeration vessel, k, the specific trickling filter rate 
constan}, K , and the concentration of dissolved organic nutrients in the 
feed, x 1 • 
The o~rimal system synthesis computations for thr nominal values of 
kf= 0.1, K = 0.0259 and influent concentrations of x1 = 100.0 ppm and 
x2 = 0.0 ppm, resulted in a system structure where the activated sludge 
system predominated and the trickling filter vanished for all practical 
purposes. Similar optimal systems were synthesized when the concentration 
of dissolved organic nutrients in the feed was incre~from 100.0 ppm to 
500.0 ppm and other parameters were kept at their nominal values. Although 
the system structures are similar, there are differences in the volumes and 
costs for the individual process subsystems and the total system. Figure 2 
shows the configuration of all the optimally synthesized activated sludge 
systems in this phase offthe study. This indicates that though the system 
design is dependent on x1 , the system structure is not when all the other parameters are kept fixed at their nominal values. It is possible that 
under different circumstances the optimal system structure will also be 
dependent on the influent concentration. 
Figure 3 shows a system structure that results through optima1Fsyn-
thesis for a number of combinations of different values of k and K • Though 
the system structure is the samTr the indi¥idual process subsystem designs 
do vary with changes ink and K • Here, x 1 was being held constant at its 
nominal value of 100.0 ppm. The system structure synthesized here is some-
what unusual in the sense that the average design engineer would not think 
of such a possibility in the normal course. This particular system has 
several advantages over either a trickling filter only system or an acti-
vated sludge only system. Several pilot-plant investigations (6,7,8) indi-
cate that combined systems, with the trickling filter preceding the acti-
vated sludge aeration vessel, have greater stability, better sludge settling 
characteristics, and appreciably lower costs. Also, there is a uniformity 
of performance at high loading rates and severe fluctuations in BOD applied 
to activated sludge unit are eliminated. 
More details of the results of this study have been presented by 
Mishra et al. (9) elsewhere. The structural parameter method for process 
system synthesis has been discussed in detail elsewhere by Fan and 
co-workers (lO,il). 
J.l 
CONCLUDING REMARKS 
This study indicates that optimal system synthesis plays an impor-
tant role in the design of wastewater renovation systems and can lead 
to process system designs that would not be deduced through standard 
design procedures. Also, the system structure and the system design are 
both subject to changes due to variations in parameters. 
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